Effects of Chronic Exposure to Ultraviolet B Radiation on DNA Repair in the Dermis and Epidermis of the Hairless Mouse  by Mitchell, David L. et al.
Effects of Chronic Exposure to Ultraviolet B Radiation on
DNA Repair in the Dermis and Epidermis of the Hairless
Mouse
David L. Mitchell, Michelle Byrom, Stephanie Chiarello, and Megan G. Lowery
The University of Texas M.D. Anderson Cancer Center, Department of Carcinogenesis, Smithville, Texas, U.S.A.
It has previously been shown that chronic exposure
to low ¯uences of ultraviolet B radiation reduced
DNA repair capacity in mouse skin. In this study we
now extend this to examine the concentration
dependence and tissue dependence of this phenom-
enon. We found that (6±4) photoproducts were
repaired considerably faster than cyclobutane dimers
and that the kinetics for photoproduct removal were
comparable in the dermis and epidermis. Chronic
ultraviolet B irradiation signi®cantly reduced the
initial rate and extent of DNA repair. After low daily
doses of ultraviolet B (6±4) photoproduct repair was
most affected and after high daily doses the repair of
both cyclobutane and (6±4) dimers was reduced.
Whereas cyclobutane dimer repair was most affected
in the dermis, reduced (6±4) photoproduct repair
was observed in both tissues. The deleterious effects
of chronic ultraviolet exposure were sustained for a
considerable time after the chronic treatment ended.
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T
he accumulation of ultraviolet (UV) photodamage in
the DNA of skin cells resulting from chronic
exposure to sunlight is responsible for the initiation
of skin cancer; however, the relationship between
chronic exposure and photocarcinogenesis is not
fully understood. In particular, the effects of chronic UV exposure
on the photochemistry and photobiology of human skin (e.g.,
DNA damage induction and repair) may ultimately determine the
frequency and distribution of the premutagenic lesions that lead to
skin cancer in humans. The mouse skin model has been used for
many years to investigate the mechanisms of multistage carcino-
genesis (DiGiovanni, 1992) and chronic exposure of the albino
hairless (Skh-1) mouse to UVB radiation has become the paradigm
for laboratory studies on photocarcinogenesis (Ananthaswamy and
Pierceall, 1990) and photoaging (Black et al, 1994).
Over the past two decades many DNA damage and repair studies
have been performed in mouse skin irradiated with a single acute
dose of UV radiation, yet few have looked at these endpoints in
chronically irradiated animals. Vink et al (1993) irradiated mice
daily with 1 minimal erythemal dose (MED) UVB and found that
cyclobutane dimers (CPD) accumulated in epidermal cells to a
maximum level after three exposures (total dose of 4.5 kJ per m2)
with the photoproduct content in suprabasal cells exceeding that in
basal cells. After the third exposure, CPD levels decreased and the
level of damage in basal cells prior to exposure (i.e., 24 h after the
previous exposure) was at background. Recently, de Gruiji and
Berg (1998) showed that the amount of CPD in a column of
epidermis became stationary after chronic UVB irradiation, that this
amount was proportional to the chronic dose, and that the median
tumor latency time correlated with this stationary load. In a
previous study we treated Skh-1 hairless mice with daily doses of
suberythemal UVB for 40 d and analyzed the amount and
distribution of DNA photodamage using radioimmunoassays and
immuno¯uorescence micrography (Mitchell et al, 1999). We found
that DNA damage accumulated in mouse skin as a result of chronic
irradiation and that this damage persisted in the dermis and
epidermis for several weeks after the chronic treatment was
terminated. In this study, experiments were designed to extend and
elaborate on our previous work, to determine dose effects of
chronic exposure on nucleotide excision repair (NER) and to
describe the photobiologic response in both the dermis and
epidermis of mouse skin.
MATERIALS AND METHODS
Animals and UV irradiations Female hairless mice (Skh:Hr1) (Charles
River), 5±6 wk old at the start of the experiment, were housed under
yellow lights and periodically irradiated under a bank of eight 100 W TLOI
¯uorescent lamps (Philips) emitting predominantly UVB radiation [88%
UVB (290±320); 6% UVAII (315±340); 6% UVAI (340±400)] with a peak
wavelength at ~313 nm. The lights were ®ltered through UVT cast acrylic
(Polycast Technology, Stamford, CT), which excludes stray light below
280 nm. Under these conditions the MED for the TLO1 lamps was
estimated to be ~3.5 kJ per m2. The ¯uence rate was measured with an
IL1400A Radiometer/Photometer coupled to a SEL240/UVB-1/TD
(International Light, Newburyport, MA). Animals were exposed to UV
radiation in an irradiation chamber of our design and manufacture to
maximize incident ¯uence uniformity (StarchArt, Smithville, TX; for
details see Mitchell et al, 1999). The average UVB ¯uence rate at the level
of the dorsa (±20 cm) was 3.8 J per m2 per s. The total incident dose for
each treatment was determined by integrating the ¯uence over the time of
exposure. Two chronic UV regimens were used: (i) 0.5 kJ per m2 per d
UVB for 60 d (2 min 12 s or 0.1±0.2 MED), or (ii) 2 kJ per m2 per d UVB
for 60 d (4 min 48 s or 0.5±0.75 MED) (Note: During the high-dose UVB
protocol signi®cant skin damage was seen by day 10 at which time the daily
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dose was reduced to 1 kJ per m2 per d. On day 15 the daily dose was
returned to 2 kJ per m2 per d with no further skin damage.)
Nucleotide excision repair For NER experiments duplicate animals
were irradiated at different times during the chronic irradiation protocol
with 6 kJ per m2 UVB (i.e., 2 MED) and either killed immediately or left
for 0.25, 1, 4, or 60 d free-running under a 12 h/12 h yellow light/dark
cycle before being killed and biopsied. In the short term, treated mice were
kept under yellow lights and transported to the dissection area in light-tight
containers. For the low UVB dose experiments mice were exposed to the
6 kJ per m2 UVB challenge dose after 0, 20, 40, and 60 d. For the high
UVB dose experiments mice were challenged with 6 kJ per m2 UVB after
0, 5, 10, 15, and 60 d. For all of the chronic experiments mice were allowed
to recover for 60 d after the ®nal exposure and then irradiated with 6 kJ per
m2 UVB to determine how long after the chronic treatment the effects on
repair persisted. After CO2 asphyxiation two 1.5 3 2 cm2 sections of skin
were excised, one from the anterior and one from the posterior dorsa. The
pelts were submerged in TE buffer (10 mM Tris, pH 8, 1 mM
ethylenediamine tetraacetic acid) at 56°C for 2 min then transferred to
TE buffer at 4°C. Fat pads were removed from the dermal side, the
epidermis was separated from the dermis (using a scalpel) into 3±4 ml a-
minimal essential medium (10% fetal bovine serum), and DNA was isolated
from epidermis and dermis separately for analysis. Tissues were coarsely
minced, transferred to a 15 ml polypropylene tube, washed 2 3 with 10 ml
TE buffer by centrifugation, and frozen at ±70°C. When all of the samples
were collected pellets were thawed, resuspended in 4 ml TE buffer, and
homogenized at 13,500 r.p.m. for ~30 s using an Ultra-Turrax T25 (Janke
& Kunkel, Staufen, Germany). After homogenization, 40 ml 20% sodium
dodecyl sulfate and 40 ml RNase A (10 mg per ml) (Sigma, St Louis, MO)
were added. Samples were incubated for 1 h at 37°C after which 200 ml
Proteinase K (10 mg per ml) (Boehringer Mannheim, Molecular
Biochemicals, IN) were added and incubation continued for 3 h at 50°C
with vigorous mixing. Following deproteination, samples were extracted
sequentially with buffer-saturated phenol (Boehringer Mannheim),
phenol/Sevag (1:1), and Sevag (chloroform/isoamyl alcohol, 24:1). DNA
was then precipitated with 0.1 vol. (100 ml) 5 M NH4OAc, pH 5.2 and 1
vol. (1 ml) ice-cold isopropanol and incubated overnight at
±20°C. The DNA was collected by centrifugation at 10,000 r.p.m. at
0°C for 20 min, washed 2 3 with 70% ethanol, air dried (30±60 min), and
resuspended in 1 ml 0.1 3 TE buffer. DNA concentrations were
determined after heat denaturation using an oligreen ¯uorescence assay
(Molecular Probes, Eugene, OR) and a PL-600 Microplate Fluorescence
Reader (Bio-Tek Instruments, Winooski, VT).
Histology Tissue sections were prepared from all chronically irradiated
mice as previously described (Berton et al, 1997). Brie¯y, three to six
5 mm 3 1.5 cm sections were excised from the dorsal surface and ®xed in
10% neutral-buffered formalin or 70% ethanol. Formalin-®xed samples
were paraf®n-embedded and 4 mm sections were cut and stained with
hematoxylin and eosin for analysis of epidermal hyperplasia.
Radioimmunoassay of DNA photoproducts Anti-sera were raised
against DNA that was either irradiated with 100 kJ per m2 UVC (254 nm)
radiation for (6±4)PD or dissolved in 10% acetone and irradiated with UVB
radiation under conditions that have been shown to produce CPD
exclusively. For the radioimmunoassay 2±5 mg of heat-denatured sample
DNA, was incubated with 5±10 pg of poly(dA):poly(dT) (labeled to
> 5 3 108 cpm per mg by nick translation with 32P-deoxythymidine
triphosphate) in a total volume of 1 ml 10 mM Tris, pH 7.8, 150 mM
NaCl, 1 mM ethylenediamine tetraacetic acid, and 0.15% gelatin (Sigma).
Anti-serum was added at a dilution that yielded 30±60% binding to labeled
ligand and after incubation overnight at 4°C the immune complex was
precipitated with goat anti-rabbit immunoglobulin (Calbiochem, San
Diego, CA) and carrier serum from nonimmunized rabbits (UTMDACC,
Science Park/Veterinary Division, Bastrop, TX). After centrifugation, the
pellet was dissolved in tissue solubilizer (NCS, Amersham, Piscataway, NJ),
mixed with ScintiSafe (Fisher, Pittsburgh, PA) containing 0.1% glacial
acetic acid, and the 32P quanti®ed by liquid scintillation spectrometry.
Under these conditions, antibody binding to an unlabeled competitor
inhibits antibody binding to the radiolabeled ligand. Sample inhibition is
extrapolated through a standard (dose±response) curve to determine the
number of photoproducts in 106 bases [i.e., CPD or P(6±4)PD per mb]. For
standard we used double-stranded DNA from salmon testes (Sigma)
irradiated with increasing doses of UVC radiation and heat denatured,
aliquoted, and kept frozen at ±20°C. Rates of photoproduct induction
were previously quanti®ed using nonimmunologic enzymatic and
biochemical techniques and determined to be 8.1 CPD and 1.56
P(6±4)PD per mb per J per m2, respectively. These details, as well as
those concerning the speci®cities of the radioimmunoassays, are described
in Mitchell (1996, 1999).
Data analyses The experimental data were ®tted to the exponential
decay function y = y(0) + ae±bx where a is the amplitude (amount of
damaged induced by 6 kJ per m2 independent of existing residual damage),
b is a measure of the repair half-life, and y(0) is the amount of residual
(unrepairable) damage (SigmaPlot ver. 5.0, SPSS).
RESULTS
Induction and repair of photoproducts in the dermis and
epidermis Duplicate mice were irradiated with 6 kJ per m2 UVB
radiation and skin sections were taken either immediately or at
0.25, 1, 4, and 60 d after irradiation. As much as a 2-fold difference
was seen in photoproduct frequencies between mice and between
anterior and posterior dorsal samples. There was no correlation
between photoproduct frequency and the biopsy site. Data in
all ®gures and tables are expressed as mean values and
standard errors of the mean (SEM). In Fig 1, induction and
repair kinetics are shown for photoproducts in the epidermis and
dermis. The (6±4)PD was induced at » 10% the level of the CPD in
the epidermis and at » 38% the level of the CPD in the dermis.
Figure 1. NER in mouse dermis and epidermis. Kinetics for the
removal of CPD and (6±4)PD are shown in A. The mean and SEM are
shown (n = 24) for CPD at 0, 1, 4, and 60 d and for (6±4)PD at 0.25, 1, 4,
and 60 d. In panel B values in panel A have been normalized to 0 and the
percentage of damage remaining is shown. Epidermal CPD (d); dermal
CPD (s); epidermal (6±4)PD (j); dermal (6±4)PD (h).
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After acute irradiation CPD induction in the dermis was » 15% the
level in the epidermis; (6±4)PD induction in the dermis was » 50%
the level in the epidermis. Biphasic NER pro®les were determined
in control mice and over the course of chronic UVA and UVB
irradiation; the initial rate of repair (phase I) was calculated from
exponential decay curves (t1/2 and the extent of repair (phase II)
was determined from photoproduct frequencies measured at 4 and
60 d after the acute challenge dose. The initial rate of (6±4)PD
removal was approximately 7-fold faster than the CPD in both
dermal and epidermal cells (Fig 1A and Tables I and II). The
exponential half-lives for both photoproducts were comparable in
the epidermis and dermis; that is, ~ 2 d for the CPD and ~ 0.3 d
(8 h) for the (6±4)PD (Fig 1B and Tables I and II). The amount of
damage remaining at 4 and 60 d after irradiation was signi®cantly
greater in the dermis (Fig 1B and Tables I and II).
Effects of chronic low doses of UVB irradiation on DNA
repair. Daily irradiation with suberythemal doses of UVB (i.e.,
0.5 kJ per m2 per d) showed a slight increase in cell numbers in the
stratum corneum (Fig 2B) relative to the control (Fig 2A). The
effects of chronic low-dose UVB irradiation on NER kinetics are
shown in Figs 3 and 4 and Tables I and II. No signi®cant
differences were observed in the exponential half-lives for CPD
repair in the epidermis or dermis in response to chronic low-dose
irradiation (Fig 3A, B and Table I); however, when the repair
curves are normalized to the initial induction frequency (Fig 3C,
D) it is evident that signi®cantly less of the initial damage in the
dermis is repaired at 4 and 60 d relative to the mice that received no
chronic irradiation. Because the rate of CPD repair is relatively
slow in rodent cells, the effects of chronic low-dose UVB exposure
on NER are more readily apparent for the (6±4)PD, which is
Table I. Effect of chronic UV irradiation on the rate of cyclobutane dimer excisiona
Daily ¯uence No. of days D Tissue R t1/2 SE
0 0 Epidermis 0.9752 2.50 0.60
0.5 kJ per m2 20 10 Epidermis 0.9909 1.96 0.37
0.5 kJ per m2 40 20 Epidermis 0.9991 1.64 0.11
0.5 kJ per m2 60 30 Epidermis 0.9831 2.27 0.52
0.5 kJ per m2 60 + 60 NA Epidermis 0.9927 1.96 0.33
2.0 kJ per m2 5 10 Epidermis 0.9998 1.85 0.06
2.0 kJ per m2 10 20 Epidermis 0.9927 1.59 0.35
2.0 kJ per m2 15 30 Epidermis 0.9730 2.56 0.64
2.0 kJ per m2 60 120 Epidermis 0.9973 2.56 0.21
2.0 kJ per m2 60 + 60 NA Epidermis 0.9596 2.94 0.76
0 0 Dermis 0.9950 1.92 0.29
0.5 kJ per m2 20 10 Dermis 0.9928 2.22 0.33
0.5 kJ per m2 40 20 Dermis 0.9879 1.49 0.45
0.5 kJ per m2 60 30 Dermis 0.9823 1.20 0.52
0.5 kJ per m2 60 + 60 NA Dermis 0.9959 2.33 0.26
2.0 kJ per m2 5 10 Dermis 0.9889 0.99 0.41
2.0 kJ per m2 10 20 Dermis 0.9900 2.86 0.37
2.0 kJ per m2 15 30 Dermis 0.9907 1.03 0.37
2.0 kJ per m2 60 120 Dermis 0.9881 n.r. NA
2.0 kJ per m2 60 + 60 NA Dermis 0.9909 4.76 0.33
aD, accumulated dose (kJ per m2); R, correlation coef®cient; SE, standard error of the mean; t1/2, half-life for CPD repair (in days); n.r., no repair.
Table II. Effect of chronic UV irradiation on the rate of (6±4) photoproduct excisiona
Daily ¯uence No. of days D Tissue R t1/2 SE
0 0 Epidermis 0.9917 0.35 0.09
0.5 kJ per m2 20 10 Epidermis 0.9846 0.91 0.45
0.5 kJ per m2 40 20 Epidermis 0.9965 1.10 0.27
0.5 kJ per m2 60 30 Epidermis 0.9999 3.08 0.29
0.5 kJ per m2 60 + 60 NA Epidermis 0.9721 0.52 0.35
2.0 kJ per m2 5 10 Epidermis 0.9996 0.31 0.02
2.0 kJ per m2 10 20 Epidermis 0.9999 0.83 0.03
2.0 kJ per m2 15 30 Epidermis 0.9067 n.r. NA
2.0 kJ per m2 60 120 Epidermis 0.9854 0.19 0.09
2.0 kJ per m2 60 + 60 NA Epidermis 0.9975 0.28 0.05
0 0 Dermis 0.9932 0.26 0.06
0.5 kJ per m2 20 10 Dermis 0.8881 0.87 1.21
0.5 kJ per m2 40 20 Dermis 0.9876 0.74 0.32
0.5 kJ per m2 60 30 Dermis 0.9886 0.54 0.23
0.5 kJ per m2 60 + 60 NA Dermis 0.9982 0.42 0.07
2.0 kJ per m2 5 10 Dermis 0.9813 0.24 0.13
2.0 kJ per m2 10 20 Dermis 0.9661 0.69 0.50
2.0 kJ per m2 15 30 Dermis 0.9995 0.30 0.03
2.0 kJ per m2 60 120 Dermis 0.9984 1.08 0.17
2.0 kJ per m2 60 + 60 NA Dermis 0.9966 0.15 0.04
aD, accumulated dose (kJ per m2); R, correlation coef®cient; t1/2, half-life for (6±4)PD repair (in days); n.r., no repair.
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repaired much faster (Fig 1 and Tables I and II). Whereas little
change in the initial rate of CPD removal was observed in response
to chronic low-dose UVB, the rate of (6±4)PD repair decreased
signi®cantly, falling to about one-third of the control rate after 20
and 40 d and to nearly one-tenth of the rate 60 d after the start of
the chronic treatment. Similar reductions in (6±4)PD repair were
observed in the dermis, although the concentration dependence of
the effect was not as clear. The rate of (6±4)PD repair in the
epidermis and dermis after the 60 d recovery period was not
signi®cantly different from the control. As seen for the CPD, when
the (6±4)PD repair curves are normalized to initial damage levels
(Fig 4C, D) the extent of repair at 4 and 60 d is signi®cantly lower
than the unirradiated control.
Effects of chronic high doses of UVB irradiation on DNA
repair The chronic high-dose UVB regimen (i.e., 2 kJ per m2
per d) is comparable with that used for UVB tumorigenesis studies
and its biologic effects are strikingly different from those observed
after chronic low-dose irradiation. Of particular note is the early
onset and persistence of severe hyperplasia, which was not observed
after low UVB exposure (Fig 2C). Skin thickening, desquamation,
and increased cell turnover kinetics in response to high daily doses
of UVB were considerable in the epidermis and had considerable
impact on the induction and removal of DNA damage at the skin's
surface as well as in the dermis. Although not part of this
experiment skin tumors (i.e., squamous cell carcinomas) were
observed in these animals.
Both CPD and (6±4)PD induction was signi®cantly reduced in
the epidermis and dermis as a result of the high-dose treatment.
Whereas increased shielding by the epidermis could account for
reduced photoproduct formation in the dermis, the lack of
photoproduct formation in epidermis is less easily explained;
however, the multiple layers of stratum corneum containing
anucleated cells are readily apparent after the high-dose treatment
and are probably responsible for the shielding effect in the
epidermis (Fig 2C).
The effects of chronic high-dose UVB on the rate of CPD
removal were somewhat obscured in the epidermis by the
proliferative response and led to cautious interpretation of the data
(Fig 5 and Table I). Indeed, the initial rate of CPD removal was
actually greater than the control at 5 and 10 d irradiation, after
which (i.e., at 15 and 60 d) it was not signi®cantly different. The
reduction in the initial rate of CPD removal to control levels
between 5 and 15 d suggests that either the proliferation or repair
rate slowed down. Data for the (6±4)PD support the latter (Fig 6
and Table II). Because the initial rate of (6±4)PD is considerably
faster than the CPD, effects of cell proliferation on the apparent
excision of this lesion would be minimal (compared with the
CPD). Hence, the initial rate of (6±4)PD repair progressively
Figure 2. Effects of chronic low-dose and high-dose UVB irradia-
tion on skin morphology. Skin sections were biopsied 60 d chronic
irradiation and stained with hematoxylin and eosin. (A) no UV; (B) 0.5 kJ
per m2 per d; (C) 2.0 kJ per m2 per d. Scale bar: 100 mm.
Figure 3. Effects of chronic low doses of UVB radiation on
cyclobutane dimer repair. The effects of chronic irradiation with
0.5 kJ per m per d UVB on the kinetics for the removal of CPD induced by
6 kJ per m2 UVB are shown. Panels A and C are in epidermis; panels B and
D are in the dermis. Values represent the mean and SEM (n = 24 for
controls; n = 8 for chronic treated). No chronic UVB (d); 20 d chronic
UVB (s); 40 d chronic UVB (j); 60 d chronic UVB (h); 60 d chronic
UVB + 60 d recovery (m).
212 MITCHELL ET AL THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
decreased after 5 and 10 d of high-dose treatment and after 15 d of
daily exposure the rate was negligible. Phase II repair was affected
by the high chronic dose as well. In Fig 5(C) and Fig 6(C) it is
evident that a higher proportion of induced (6±4)PD and CPD
remained in the epidermis after 4 and 60 d, respectively. Curiously,
after continuous daily exposure (i.e., 60 d) to 2 kJ per m2 per d the
epidermis appeared to recover some of its repair capacity and the
initial rate of repair was comparable with the control. (Note: there
was signi®cant variability in these samples as attested by the low
correlation coef®cients.) After a 60 d recovery period (6±4)PD
induction and repair returned to near normal levels. The effect of
the high-dose treatment on photoproduct induction and NER in
the dermis was consistent with that seen in the epidermis. Because
of the hyperplasia and the lower incident dose reaching the dermis
the effects were, however, delayed. Photoproduct formation was
reduced 50±75% in the dermis compared with the control (Figs 5B
and 6B). Unlike the epidermis in which the effects of photoproduct
loss due to repair were overshadowed by cell proliferation, the
absence of cell division in the dermis allowed expression of the
repair defect. Hence, after 60 d of daily high-dose UVB there was
little observed CPD repair in the dermis. Unexpectedly, we did
observe enhanced CPD repair rates in the dermis (Table I). The
(6±4)PD again proved to be a more sensitive indicator of repair
modulation as a concentration-dependent decrease in repair
capacity was observed in the dermis. As observed for the CPD, a
60 d recovery period after the chronic high-dose treatment allowed
some recovery of the DNA repair rate. Slow lesion removal
associated with phase II repair was also affected by the high UVB
doses with greater levels of CPD (Fig 5D) at 4 and 60 d and of (6±
4)PD at 4 d postirradiation with 6 kJ per m2 UVB.
DISCUSSION
The effects of chronic UV exposure on excision repair in mouse
skin are complex. Our results demonstrate that skin cells exposed to
UV radiation slowly over a long period of time, conditions that
mimic those associated with many occupational and recreational
behaviors, display reduced ability to effectively clear UV photo-
Figure 4. Effects of chronic low doses of UVB radiation on (6±4)
photoproduct repair. The effects of chronic irradiation with 0.5 kJ per
m2 per d UVB on the kinetics for the removal of (6±4)PD induced by 6 kJ
per m2 UVB are shown. Panels A and C are in epidermis; panels B and D are
in the dermis. Values represent the mean and SEM (n = 24 for controls;
n = 8 for chronic treated). No chronic UVB (d); 20 d chronic UVB (s);
40 d chronic UVB (j); 60 d chronic UVB (h); 60 d chronic UVB + 60 d
recovery (m).
Figure 5. Effects of chronic high doses of UVB radiation on
cyclobutane dimer repair. The effects of chronic irradiation with 2.0 kJ
per m2 per d UVB on the kinetics for the removal of CPD induced by 6 kJ
per m2 UVB are shown. Panels A and C are in epidermis; panels B and D are
in the dermis. Values represent the mean and SEM (n = 24 for controls;
n = 8 for chronic treated). No chronic UVB (d); 5 d chronic UVB (s);
10 d chronic UVB (j); 15 d chronic UVB (h); 60 d chronic UVB (m);
60 d chronic UVB + 60 d recovery (n).
Figure 6. Effects of chronic high doses of UVB radiation on (6±4)
photoproduct repair. The effects of chronic irradiation with 2.0 kJ per
m2 per d UVB on the kinetics for the removal of (6±4)PD induced by 6 kJ
per m2 UVB are shown. Panels A and C are in epidermis; panels B and D are
in the dermis. Values represent the mean and SEM (n = 24 for controls;
n = 8 for chronic treated). No chronic UVB (d); 5 d chronic UVB (s);
10 d chronic UVB (j); 15 d chronic UVB (h); 60 d chronic UVB (m);
60 d chronic UVB + 60 d recovery (n).
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products. Biphasic NER pro®les were determined in control mice
and over the course of chronic UVB irradiation. Biphasic repair
kinetics has been described in mouse skin for genomic (Bowden
et al, 1975) and transcriptionally active DNA (Ruven et al, 1993).
Our data showing no difference in the initial rate of NER in the
epidermis and dermis of control mice that received no chronic
exposure are consistent with observations in cultured epidermal
keratinocytes and dermal ®broblasts (Taichman and Setlow, 1979;
Otto et al, 1999). The mechanisms of inhibition are probably
different for phase I and II repair; perturbations in enzyme
expression and activity may affect more the initial rate of repair and
DNA damage location and accessibility factors may affect more the
slow removal of residual damage.
Several factors may individually or in concert affect NER in
chronically irradiated skin cells.
1 Effects of chronic UV stress on cell proliferation kinetics and
differentiation in the epidermis or dermis could contribute to the
rate of removal (i.e., dilution) of lesions from the skin. The marked
hyperplastic response we observed after daily exposure to high
UVB doses may be responsible for the more rapid removal of
lesions.
2 The combination of shielding and increase in postmitotic
keratinocytes associated with hyperplasia could result in damage
being limited to slowly repairing cells located near the surface of the
epidermis. We and others have shown that differentiated cells have
a reduced NER capacity compared with proliferating cells
(Mitchell and Hartman, 1987). It is possible that the proportion
of differentiated cells may increase, resulting in longer retention of
damage in the epidermis. Although we observed no obvious effects
of chronic irradiation on dermal ®broblast proliferation we did not
attempt to describe proliferative pro®les.
3 DNA damage may accumulate to such an extent (e.g., in the
dermis) that it affects the expression of genes important in excision
repair. Pyrimidine dimers can block transcription (Donahue et al,
1994) and, along with photo-oxidative damage, can inhibit
transcription factor binding (Tommasi et al, 1996; Ghosh and
Mitchell, 1999). In addition, mutations within genes in¯uencing
DNA repair may also contribute to reduced NER. For example,
certain transition mutations in the p53 gene are ``signatures'' of
UVB-induced basal and squamous cell carcinomas (Ziegler et al,
1993, 1994) and such mutations can reduce repair ef®ciency (Li
et al, 1996), particularly of CPD from nontranscribed DNA (Zhu
et al, 2000).
4 Chronic damage may accumulate in regions of the genome less
accessible to repair enzymes. Such a distribution may affect phase II
repair.
5 Accumulation of free radicals generated by chronic UVB or
UVA irradiation may damage proteins involved in DNA repair.
We recently showed that topical treatment of UVB-irradiated Skh-
1 mice with a-tocopherol, a hydroxyl radical scavenger, increased
NER of CPD (Berton et al, 1998). As chronic UVB has been
shown to produce reactive intermediates that are capable of
damaging proteins at very low concentrations it is possible that the
enhanced NER is due to the ability of a-tocopherol to scavenge
hydroxyl radicals that damage repair proteins.
Whereas we saw no effect of low chronic UVB on CPD removal
in mouse skin we did observe signi®cant decreases in the initial rate
of (6±4)PD repair both in the epidermis and dermis. The loss of (6±
4)PD repair capacity correlated fairly well with the accumulated
dose in the epidermis with nearly 10-fold reduction observed after
60 d (i.e., 30 kJ per m2). Because of the greater variability in the
dermis a similar concentration dependence was not evident;
however, a signi®cant reduction was observed throughout the
chronic treatment, albeit to a lesser degree compared with the
epidermis. The milder effects of the low-dose regimen on (6±4)PD
repair in the dermis may be due to the lower levels of UVB (and
DNA damage) penetrating this tissue. The fact that we observe
low-dose effects on (6±4)PD but not CPD repair is somewhat
problematic. Such effects are independent of cell turnover kinetics
(see below) as we observe no hyperplasia after the low-dose
regimen and no reduction in repair in the nonproliferating dermis.
It is doubtful that the effects derive from permanent genetic
changes as we saw no signi®cant difference in rates of (6±4)PD
repair between the control and after 60 d recovery in the epidermis
or dermis. Indeed, in the absence of morphologic and genetic
changes the data suggest that chronic and acute treatments may
damage cellular repair components that can recover within a
relatively short time period (e.g., proteins and RNA). The transient
effects of the acute and chronic doses may therefore be manifested
within the time frame for (6±4)PD repair (t = 6 h) but dissipate by
the time CPD repair becomes evident (t = 2±3 d). Along these
lines, it is also possible that damage recognition proteins with a
higher af®nity for the (6±4)PD (e.g., XP-A, XP-C, DDBI, and
homologs) may be more sensitive to the damaging effects of UVB.
Owing to shielding from the extensive hyperplasia, signi®cantly
less acute damage was induced in both the epidermis and dermis
during the high-dose treatments compared with the low-dose
treatments. Hence, the high-dose regimen was, in effect, protective
and its effects on NER were milder than those observed after the
low-dose protocol, particularly in the dermis. Indeed, the rapid cell
proliferation induced by daily irradiation with 2 kJ per m2 UVB
radiation served to increase the rate of CPD removal over and
above the control NER rate. This was evident in the epidermis
after 5 and 10 d chronic UVB irradiation. Unexpectedly, we did
observe enhanced CPD repair rates in the dermis (Table I).
Although it is possible that chronic UV increased the rate of cell
turnover in the dermis we observed no increase in the number of
apoptotic cells (data not shown). Increased gene expression or post-
translational stabilization of repair proteins would also serve to
enhance the initial rate of repair over and above the control rate.
This enhanced repair rate was temporary as after 60 d at the high-
dose rate NER of CPD was obliterated. It appears that the shielding
afforded by hyperplasia did not protect against the damaging effects
of 120 kJ per m2 accumulated UVB. Indeed, after a 60 d recovery
the severe impact of this dose on CPD excision was still evident
with the rate of NER measured at half the control value.
Effects of the chronic high UVB doses on (6±4)PD were similar
with some signi®cant differences. In contrast to CPD removal,
which increased as a consequence of cell proliferation (i.e., a
dilution effect), no proliferative enhancement was evident for (6±
4)PD removal. This is not surprising as the 4 h half-life for (6±4)PD
repair would tend to obscure any increased dilution from cell
turnover within this short time frame. Because of this rapid repair,
however, the detrimental effects of the treatment could be observed
without the confounding effects of hyperproliferation. Hence, after
20 and 30 kJ per m2 accumulated UVB (6±4)PD repair ef®ciency
was greatly reduced in the epidermis (Table II). The delayed onset
of this inhibitory effect relative to the low-dose regimen (i.e.,
compare rates after 10 kJ per m2) probably derived from the lower
effective dose of UVB reaching the target cells in the hyperplastic
skin (see above). Surprisingly, after 60 d of daily irradiation the (6±
4)PD repair ef®ciency returned to control levels, suggesting that
some kind of adaptative response may be at work in the epidermis.
In the dermis, the effects of the high-dose treatment on (6±4)PD
repair were not as severe as for the CPD. The (6±4)PD repair
capacity was not completely abolished after 60 d high-dose
irradiation and, unlike the CPD, recovered to control levels during
the 60 d recovery period. These data suggest that some stable
genetic effect may have occurred that reduced the af®nity of the
repair complex for photodamage. DNA damage recognition
proteins consistently show a higher af®nity for the (6±4)PD
compared with the CPD (Hwang and Chu, 1993; Cleaver et al,
1995; Ghosh et al, 1996; Sugasawa et al, 1998). Hence, a loss of
af®nity would affect the recognition and consequent excision of the
CPD before it would affect (6±4)PD repair.
From this study we conclude that chronic exposure to solar UV
radiation may increase or decrease DNA repair capacity in skin and
that the effect is concentration dependent. The epidermis and
dermis respond to UV stress in very different ways with
considerably more potential for DNA damage accumulation and
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consequent deleterious effects in the dermis. Insight into the
mechanisms underlying these results may derive from investigations
into the effects of chronic UVB (and UVA) stress on the expression
of genes involved in nucleotide excision repair and cell cycle
checkpoint control as well as UV effects on the DNA repair
proteins themselves. From these studies a greater understanding is
needed of the relationship between chronic exposure to solar UV
radiation and tumor initiation and promotion.
This work was supported by American Cancer Society Grant no.
RPG97±094±01-CNE and National Institute of Environmental Health Science
Center Grant No. ES 07784.
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